The aim of this study was to determine the risk factors, genotype-specific prevalence, and concordance of human papillomavirus (HPV) infections at three anatomical sites in a cohort of high-risk Greek men. Patients were recruited from sexually transmitted infection and HIV clinics in Athens. Samples were obtained from oral, penile, and anal sites of 294 study participants and HPV testing was performed on 882 samples using next-generation sequencing. Patients also completed a questionnaire assessing risk factors for infection. The mean age of the participants was 33.1, 30% identified as men who have sex with men (MSM), and 21% were HIV positive. The prevalence of HPV was 49%; it was the highest at anal sites (33%) compared with 23% at penile sites (P = 0.008) and 4% at oral sites (P < 0.001). The most common HPV types in order of frequency were 6, 44, 16, 53, and 89. The genotype concordance rate was the highest between the penile and anal sites (7%), followed by 2% for anal-oral concordance. Identifying as MSM [adjusted odds ratios (aOR) = 6.75, P < 0.001] and being HIV positive (aOR = 2.89, P = 0.026) were significant risk factors for anal HPV infection, whereas alcohol use (aOR = 0.45, P = 0.002) was associated negatively with infection. The only significant risk factor for oral infection was an older age of sexual debut (aOR = 1.32, P = 0.038). Nearly half of our study participants tested positive in at least one of three anatomical sites. Using nextgeneration sequencing, we could identify high-risk types that are not covered by the current vaccine and would be missed by traditional HPV testing kits.
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Introduction
The human papillomavirus (HPV) is a member of the Papillomaviridae family with more than 30 subtypes that have been identified as being sexually transmitted. Some of the high-risk subtypes are well known as the primary cause of cervical cancer in women (Muñoz et al., 2003) . Recent research has also detected high-risk HPV in 26% of oropharyngeal, 48% of penile, and 72% of anal cancers in men (Kreimer et al., 2005; Backes et al., 2009; Hoots et al., 2009) . A systematic review of worldwide HPV prevalence in men found a prevalence range between 1.3 and 72.9% (Dunne et al., 2006) . A meta-analysis in Europe found that the genital HPV prevalence was 12.4% in low-risk and 30.9% in high-risk male populations (Hebnes et al., 2014) .
The epidemiology of HPV in Greek men is not well known as most Greek studies have focused on cervical HPV infection in women. A systematic review published by our group found that out of 50 studies on HPV prevalence and epidemiology in Greece, 20 included a male population (Tsikis et al., 2015) . The majority of these examined HPV frequency in oral and oropharyngeal cancer biopsies (n = 13), whereas the remaining looked at HPV prevalence at anal and/or penile sites in symptomatic men. In these studies, testing was performed using commercially available test kits, and highrisk subtypes may not have been well delineated, apart from HPV types 16 and 18 (Tsikis et al., 2015) . Moreover, these studies included a relatively small sample (< 130), did not look at concordance at multiple sites, and did not specifically target men who may be at a higher risk for HPV infection.
It is of special interest to determine HPV frequency in high-risk male populations, such as men who have sex with men (MSM) and HIV-positive men. This subpopulation has been markedly understudied in Greece, which is alarming as MSM tend to have higher rates of HPV infection than non-MSM and HIV positivity is a significant risk factor for HPV infection (Stone et al., 2002; Lissouba et al., 2013) . This becomes especially important currently as the HIV/AIDS prevention budget has been reduced in Greece because of the economic crisis, likely contributing toward the 50% increase in the incidence rate of HIV infection in the country since 2010 (Ifanti et al., 2013) .
HPV in Greek men is an understudied topic and HPVrelated cancer screening and vaccination are nonexistent in the Greek male population, even among those who are HIV positive and are considered high risk. This study aims to determine the risk factors, prevalence, and concordance of HPV genotypes in a cohort of high-risk Greek men at three anatomical sites using nextgeneration sequencing (NGS).
Patients and methods

Study design
This was a single-center cross-sectional study that was carried out between July and October 2015 in Athens, Greece. Participants were consecutively recruited from the outpatient sexually transmitted infection (STI) and HIV clinics of 'Andreas Sygros' Hospital. Greek men between the ages of 18 and 55 years who were visiting these clinics were eligible to participate (n = 298). Study participants were informed about the study during their regular clinic visit and informed consent was obtained before enrollment. The study involved the collection of oral, anal, and penile samples, and a computer-based, Greek language questionnaire. The Ethics Committee of the University of Athens approved this study (IRB 1287).
Questionnaire
The study questionnaire was self-administered in a private room as part of the study visit. The first part collected basic demographic information such as age, nationality, smoking history, and socioeconomic status. This component of the survey also collected information on income and the effects of the economic crisis on quality of life and health using questions validated previously in a national survey (Hs, 2013) . The second portion of the survey, also based on previously validated questionnaires, included a detailed sexual history that asked about HIV infection status and number of sexual partners (Antonsson et al., 2014) .
Sample collection and human papillomavirus testing
Samples were collected from the mouth, anus, and penis of each study participant. The oral samples were collected by means of a 20-s oral rinse of 10-15 ml isotonic saline solution. Before providing the sample, the participant was asked to gently and briefly brush their teeth with a toothbrush moistened in isotonic saline to maximize the amount of cells collected. The toothbrush was placed in the test tube used to collect the oral rinse and rotated to release any additional cells (Ong et al., 2014) . For anal testing, a saline-wetted Cervex-Brush Combi swab (Rovers Medical Devices; Oss, The Netherlands) was used to sample the perianal area and was then inserted into the anal canal up to the anal verge (Giuliano et al., 2007) . The swab was rotated twice, removed, and placed in the ThinPrep (Hologic, Bedford, Massachusetts, USA) transport medium. Penile samples were similarly obtained by rubbing a saline-wetted Cervex-Brush Combi swab over the entire surface of the penis starting with the shaft of the penis and then the glans of the penis/coronal sulcus before placing in the ThinPrep medium (Giuliano et al., 2007; Álvarez-Argüelles et al., 2013) . All samples were immediately stored at 4°C before DNA extraction.
DNA extraction and human papillomavirus testing by next-generation sequencing DNA extraction was performed on all samples within 3-5 days of collection using the QIAamp DNA Mini Blood kit (Qiagen, Valencia, California, USA) at the onsite laboratory of Andreas Syggros Hospital according to the manufacturer's instructions. The DNA specimens were then shipped at − 20°C in batches to the Clinical Genomics laboratory of the University of Chicago. The specimens were tested using NGS.
Two subsequent PCR reactions were performed to generated amplicons for NGS. First, 10 ng of genomic DNA was amplified using PGMY09/11 primers with universal sequences to amplify the HPV L1 consensus region (Gravitt et al., 2000) . A subsequent PCR incorporated Illumina adapter sequences and patient-specific index sequences. Libraries were then pooled and sequenced by MiSeq (Illumina, San Diego, California, USA) using 2 × 152 bp paired end sequencing. HPV genotyping was obtained using a customized bioinformatics pipeline, which removed ambiguous and off-target sequences, aligned the filtered data to 179 HPV genomes from the Papillomavirus Episteme database (https://pave. niaid.nih.gov/ ), and scored each read on the basis of its alignment to a specific HPV genome (Van Doorslaer et al., 2013) . Samples from four participants yielded insufficient DNA concentration for sequencing, and were excluded from further analysis; therefore, 294 participants were included in our final analysis.
Interpretation of next-generation sequencing results
A test cohort of 29 samples with previously characterized HPV by multiplex qPCR and linear array [including HPV 16 (n = 2), HPV 18 (n = 2), HPV 33 (n = 1), HPV 39 (n = 1), HPV 45 (n = 2)], and 22 specimens negative for high-risk HPV (16, 18, 31, 33, 45, 52, and 58) , were used to assess the assay performance and to establish parameters for the classification of HPV DNA. A receiver operator characteristic curve was created on the basis of the HPV percent per sample. Samples with HPV percent greater than 0.04 were classified as positive for the presence of HPV DNA, samples with percent HPV at or below 0.04 were considered to be negative for HPV DNA (100% sensitive, 95% specific). We then applied this methodology to describe the 882 sequenced samples from our population of Greek men.
Forty-four Greek samples had enough leftover DNA concentration following NGS testing (≥10-20 ng of DNA) and were genotyped, for comparison, by (1) a clinically validated and highly sensitive multiplex qPCR assay that detects seven clinically relevant high-risk HPV subtypes (HPV 16, 18, 31, 33, 45, 52 , and 58) using fluorescently labeled TaqMan probes (Thermo Fischer Scientific, Waltham, Massachusetts, USA) targeting the HPV LCR/E6/E7 sequences and by (2) a previously published qPCR assay that detects HPV 6 and 11 (Mills et al., 2013) . Of these, two samples failed amplification of the β-globin control gene and were excluded from further analysis. The β-globin control gene is amplified in parallel to ensure the integrity of the specimen.
Statistical analysis
Statistical analysis was carried out using STATA, version 14.0 (StataCorp, College Station, Texas, USA). For comparisons, we used the t-test for normally distributed continuous variables and the χ 2 -test (or Fischer's exact test) for categorical variables. Univariate and multivariate analysis using unconditional direct logistic regression for all variables was carried out to determine the risk factors for HPV infection. Adjusted odds ratios (OR), 95% confidence intervals (CIs), and P values are reported. We used P value of less than 0.05 to indicate statistical significance.
Results
Study population demographics
A total of 294 male patients were included in the final analysis. The detailed demographics of the participants are presented in Table 1 . Patients included in the study had a mean age of 33.1 (range: 18-55) years. More than half of the men were visiting the clinics for the treatment of genital warts (56%, 165/294) or STI testing (30%, 88/294). Of all patients included, 30% (89/294) reported being MSM, 21% (58/294) were HIV positive, and 58% (171/294) had reported a positive past or current history of genital warts.
Human papillomavirus prevalence at the three sites All men included in the study underwent HPV testing at penile, oral, and anal sites; therefore, 882 total specimens were tested for the presence of HPV. Nearly half of our study participants tested positive for HPV in at a least one of these sites (49%, 145/294) and 19% (28/145) had a simultaneous infection at multiple sites. HPV prevalence was the highest from anal samples (33%, 96/294) compared with penile samples (23%, 67/294, P = 0.0076) and oral samples (4%, 11/294, P < 0.001). HPV prevalence varied among various high-risk groups such as HIVpositive men or those who were MSM (Table 2) . Patients who identified as MSM had lower penile HPV prevalence compared with those who were non-MSM (14.6 vs. 26.3%, P = 0.028). However, MSM were more likely to have an oral HPV infection compared with non-MSM (9 vs. 1.5%, P = 0.004) or an anal HPV infection (65 vs. 19%, P < 0.001). HIV-positive men did have higher rates of infection at oral (8.6 vs. 2.3%, P = 0.038) and anal sites (71 vs. 23%, P < 0.001), but the rates of HPV in penile samples did not differ on the basis of HIV status. Finally, patients with a self-reported positive STI history had a higher prevalence of HPV at the anal site compared with those with no history (44 vs. 28%, P = 0.005).
Human papillomavirus types and anatomical site concordance
A total of 51 different types of HPV were identified across the three sites and we report the prevalence of the 10 most common types out of all HPV that was identified (Fig. 1) . HPV 6 was the most common low-risk type found at the anal (12.8%) and penile (7.6%) sites, followed by HPV 44 (Fig. 1) . Anal sites had the highest proportion of high-risk HPV (42%, 40/96), whereas penile sites (33%, 22/67) and oral sites (27%, 3/11) had a lower prevalence. The most common high-risk type at the anal site was HPV 16 (4.8%) and the second most common was HPV 59 (4.3%) (Fig. 1) . HPV 16 was the most prevalent high-risk type from penile samples (6.7%), whereas HPV 52 was the second most common (4.5%). HPV 59 and 32 were the most prevalent types from the oral site.
Coinfection with more than one HPV type was most common at the anal site, where 46% (44/96) of positive patients had coinfection with multiple types compared with 22% (15/67) in positive penile samples and 9%
(1/11) in the oral samples. Of patients infected with more than one HPV type, 61% (27/44) were coinfected with more than two types at the anal site, 33% (5/15) at the penile site, and 100% (1/1) at the oral site. The mean number of HPV types found from anal, penile, and oral samples was 2.2 (range: 1-10), 1.3 (range: 1-4), and 1.2 (range: 1-3), respectively.
Patients had a genotype-specific concordant infection if there was at least one coinfection with the same HPV type between sites. The genotype-specific concordance HPV infection in high-risk Greek men Tsikis et al. 517 rate between the penile site and the anal canal was 7% (10/141), with the remaining samples either having a single infection at one of these sites or a genotype disconcordant simultaneous infection (Fig. 2) . The HPV concordance rate was lower (P = 0.069) between the anal and the oral sites (2%, 2/102), and there was no genotypespecific concordance between oral and penile sites. One patient had a simultaneous infection at all three sites, but with different genotypes at each site.
Risk factors for infection
The risk factors for infection were determined using multivariate logistic regression analysis for each of the three sites (Table 3) . For HPV infection at the anal site, identifying as a MSM was a significant risk factor (OR = 6.75; 95% CI: 2.86-15.91; P < 0.001) along with a history of HIV infection (OR = 2.89; 95% CI: 1.14-7.37; P = 0.026). Interestingly, increasing alcohol use (OR = 0.45; 95% CI: 0.27-0.75; P = 0.002) was found to be protective against anal HPV infection. A higher income may also be protective against anal HPV infection (OR = 0.72; 95% CI: 0.51-1.00; P = 0.05), but this did not reach statistical significance.
An older age of sexual debut was associated with an increased risk of HPV infection at the oral site (OR = 1.32; 95% CI: 1.02-1.73; P = 0.038). Patients who identified as MSM may be more likely to have an oral HPV infection (OR = 7.77; 95% CI: 0.97-62.05; P = 0.053). Finally, smoking may be associated with penile infection, but it did not reach statistical significance (OR = 1.78; 95% CI: 0.92-3.43; P = 0.087).
qPCR next-generation sequencing correlation
The correlation of NGS and qPCR for the Greek samples was 97% (41/42). One sample was classified as positive for HPV 31 infection by NGS and qPCR detected a low level of HPV 18 DNA, which was not identified by NGS. We could not further evaluate this sample by an orthogonal method because of an insufficient DNA concentration remaining.
Discussion
This study examined the genotype-specific prevalence, risk factors, and concordance of HPV infection at three anatomical sites in high-risk Greek men. To our knowledge, this is the first study carried out in Greek men investigating the prevalence and genotypic concordance of HPV across multiple sites. In fact, very few papers have been published worldwide to date on the topic of HPV concordance. Moreover, only one other study has investigated HPV in an asymptomatic Greek male population, evaluating men presenting for a routine dental exam (Lambropoulos et al., 1997) .
Out of the 294 male patients included in this study, nearly half (49%) had an infection in at least one of the sites examined, with anal samples having the highest prevalence of HPV (33%). Previous studies carried out in Greece investigating male anal HPV prevalence have only looked at patients with a history of anal warts or anal carcinoma, and found HPV prevalence rates greater than Concordance of human papillomavirus infection between three pairs of anatomical sites (anal-penile, anal-oral, and oral-penile). Single-site infection, concordant infection with the same genotype at each of the two sites, and concordant infection, but with different genotypes between the two sites are shown. Income scale was as follows: 0-233 Euros/month, 234-432 Euros/month, 433-1000 Euros/month, and > 1000 Euros/month. c Based on a multivariate logistic regression model that was also adjusted for the following variables: age, circumcision, marital status, education, condom use, number of lifetime sexual partners, and presence of genital warts (all P > 0.10).
50% (Tsikis et al., 2015) . The difference found in our results could be because of the study population as our study included asymptomatic but high-risk men.
The anal HPV prevalence of Greek men who identified as MSMS was 65% in our sample, which is higher than that reported in a worldwide study of HIV seronegative MSM (42.4%) (Goldstone et al., 2011) . These findings are important, given that up to 72% of anal cancer may be linked to HPV infection and thus high rates of anal HPV infection imply that Greek MSM might benefit from anal cancer screening (Hoots et al., 2009) . Greek MSM may also benefit from HPV vaccination, which has been shown to be a cost-effective intervention for the prevention of anal cancer (Deshmukh et al., 2014) .
Similar to other published reports, we also found that MSM status and HIV positivity were independent risk factors for anal HPV infection (Stone et al., 2002; Hadjivassiliou et al., 2007; Lissouba et al., 2013) . Interestingly, patients who had a higher income were slightly less likely to have an anal HPV infection (OR = 0.72, P =0.05). This result requires further investigation, but may be significant in the Greek context, given the falling income levels because of the recent economic crisis.
The prevalence of penile HPV infection was also high in our sample (23%), suggesting that penile HPV infection is increased in high-risk Greek men. A recent meta-analysis of European men found a slightly higher genital HPV prevalence of 30.9% for high-risk male populations, but lower at 12.4% for the general population (Hebnes et al., 2014) . The same study found that HPV 16 and 18 were the most common high-risk types in European men. Although HPV 16 was also the most common high-risk type in our sample of Greek men, HPV 18 had a very low prevalence and in fact HPV 52 was the second most common type. This suggests that some of the high-risk types most prevalent in the Greek male population actually differ from those found in other European countries.
Potential risk factors such as number of sexual partners, condom use, and circumcision were not found to be significant for penile or anal HPV infection on multivariate analysis. A systematic review of HPV infection in men has reported these factors as being significant in other published reports (Dunne et al., 2006) . It may be that these risk factors are not as significant in our specific population of high-risk Greek men.
Studying oral HPV infection in Greek men is important as smoking has been shown to be a risk factor and Greek men have one of the highest smoking rates worldwide (Bouda et al., 2000; WHO, 2015) . The rate of HPV infection at oral sites was the lowest of all three anatomical locations (4%), with HPV 32 and 59 being the most common types. Our prevalence rate is lower than the reported prevalence rate of 9.5% in a study of patients from northern Greece with a normal oral mucosa (Lambropoulos et al., 1997) . That study included 169 participants, of whom only 76 were men, and HPV testing was performed using an older technique involving PCR and Southern blot hybridization. No other recent studies have examined HPV prevalence at the oral sites of asymptomatic Greek men and our study only had 11 patients who tested positive.
Multivariate analysis showed that an older age of sexual debut was a risk factor for oral HPV infection. One possible explanation for this could be that these patients may have been smoking for a longer period before their sexual debut, causing damage to their oral epithelium, which could act as a primer for future HPV infection. This is plausible as smoking has been shown to be associated with an increased risk of oral HPV infection in other studies, although we could not replicate this result (Bouda et al., 2000) .
There was significant anal-penile genotype-specific concordance (7%) and even concordance, albeit limited, between anal and oral sites (2%). As a result, patients may be at increased risk for simultaneously developing both anal and oropharyngeal cancers. These findings are in contrast to a recent study that examined paired oral and anogenital samples from 151 HIV-negative MSM and found no anogenital concordance (King et al., 2015) . Differences in HPV genotype detection methods as well as the specific populations examined could account for these discrepancies.
NGS is a relatively novel technique for the genotyping of HPV and it has been validated previously for use in such a setting (Arroyo et al., 2013) . This technique has advantages compared with traditional kit-based testing; the NGS assay described here requires lower amounts of DNA than commercially available kits. Because several of the samples in the Greek cohort had low DNA concentration, comprehensive HPV genotyping would have not been possible by most of the other commercially available methods. Further, NGS sequencing has the potential to detect many more HPV subtypes including rare subtypes that may be missed by the traditional kits. For example, the Cobas HPV test (Roche Molecular Systems, Basel, Switzerland) can detect the presence of high-risk HPV types, but does not distinguish between the various types beyond HPV 16 and 18. In our study, HPV 59 and 52 were the second most common high-risk types found at the anal and penile sites, respectively, and these would not be detected individually by these commercial kits. Furthermore, these high-risk types are not covered by the current quadrivalent HPV vaccine, which makes their detection even more important in the prevention of anogenital cancers in high-risk male populations. Future studies using NGS may actually show the true prevalence of these other types, with the potential to impact future vaccine design and serve as evidence for the need to expand vaccine coverage.
This study includes the largest number of Greek men, including high-risk MSM and HIV-positive individuals, in whom HPV has been studied to date. However, there are several important limitations. The population sample included STI clinic attendees, many of whom came for the treatment of genital warts, which is not representative of the general Greek male population. Therefore, larger studies that are more representative of the Greek male population are needed. Like many published studies, this study examined the prevalence of HPV at one point in time. However, up to 75% of men are negative for HPV twelve months after testing positive (Giuliano et al., 2008) . Thus, longer term or follow-up studies are needed.
Conclusion
We have found that anal and penile HPV infections are particularly prevalent in high-risk Greek men, especially among MSM and HIV-positive individuals. HPV 6 and 16 were some of the most common subtypes identified in our sample and are covered by the current quadrivalent vaccine. Using NGS, we could identify additional highrisk subtypes such as HPV 59 and 52 that had a high degree of prevalence. These subtypes are not currently covered by the vaccine and may not be individually detected by traditional kits. The results of our study support the creation of screening programs for high-risk Greek men and the need for expanding HPV vaccination to Greek men. To this end, future studies should focus on the epidemiology of HPV in the general Greek male population and should include longer-term follow-up of HPV persistence.
